In this work photocatalytic properties of TiO 2 thin films doped with different amount of Tb have been described. Thin films were prepared by high energy reactive magnetron sputtering process. Comparable photocatalytic activity has been found for all doped TiO 2 thin films, while different amounts of Tb dopant (0.4 and 2.6 at. %) results in either an anatase or rutile structure. It was found that the terbium dopant incorporated into TiO 2 was also responsible for the amount of hydroxyl groups and water particles adsorbed on the thin film surfaces and thus photocatalytic activity was few times higher in comparison with results collected for undoped TiO 2 thin films. 
Introduction
Transparent nanocrystalline thin films can be applied in many areas of electronics, photonics or optics [1, 2] . Such coatings are usually manufactured based on metal oxides like SnO 2 , ZnO 2 , V 2 O 5 or TiO 2 with different dopants [3, 4] . Recent advances have shown that nanocrystalline films with crystallite sizes lower than 30 nm have some new and unique physical, optical and chemical properties as compared to bulk materials. For example nanocrystalline films, due to their enhanced hardness, are commonly de- * E-mail: damian.wojcieszak@pwr.wroc.pl posited on the surface of different elements as wearresistant coatings [5] [6] [7] . Nanocrystalline coatings often exhibit also higher photocatalytic activity as-compared to standard ones [8] . The most known material for selfcleaning application is titanium dioxide [9, 10] . TiO 2 can be present in the form of the anatase [8, 10] , the rutile [12] [13] [14] or their mixture [15, 16] . The type of the TiO 2 crystal structure and the crystallite sizes in the prepared coatings (and therefore their properties), can be usually changed by: appropriate selection of deposition process parameters [9, 14, 17, 18] , selective doping [19, 20] and by post-process treatment (e.g. annealing) [18, 21, 22] . For photocatalytic application, better activity has been found for the TiO 2 -anatase thin films [23, 24] . Nanocrystalline structure (the crystallites size) is the factor that influences chemical activity of the films. Lowering of the particle sizes simultaneously increases the specific surface of the coating which results in an increase of photocatalytic activity. Enhanced photocatalytic activity of TiO 2 thin films has been found due to their doping, for example with europium [25] or nitrogen [10] .
In case of TiO 2 thin films the self-cleaning process on their surface is a series of photo-electrocatalytic reactions of reduction and oxidation. Photocatalytic decomposition of pollutants proceeds in consequence of electron-hole pairs generation under UV-light exposure. Photo-induced carriers (electrons and holes) can recombine on surface of the film or can be separated and transferred to different positions to react with organic pollutants (donors) and oxygen molecules (acceptors) [26] . Photo-induced electrons are being trapped by O 2 (acceptors) and they are reducing them in order to produce so called superoxide's-oxygen radical anions O 2 − , while holes are being trapped by organic pollutants (donors) and oxidizing them. Photocatalytic activity of the film is dependent on efficiency of separation, recombination, capture and transfer of photo-induced electron -hole pairs [26] . Moreover, the type of TiO 2 structure determines catalytic properties of the films. Scientific research has revealed that films with TiO 2 -anatase structures exhibit higher photocatalytic activity than in the case of films with the rutile structure [24] . Higher efficiency of pollutants decomposition reactions on TiO 2 -anatase surfaces is due to more defect states and higher diversification of the surface than for the TiO 2 -rutile films. Besides, higher photocatalytic activity of the anatase is an effect of higher adsorption of hydroxyl groups and water particles on the surface than for the rutile films [24] .
In this work TiO 2 thin films doped with different amounts of Tb have been described. Our previous works have shown that strong luminescence of Tb can be received in nanocrystalline TiO 2 -matrix, which has rutile structure. It is unique and was not reported earlier in the literature, because observed so called 'anomalous' photoluminescence in TiO 2 -rutile film was being received as a result of direct energy transfer from the matrix to Tb 3+ ions embedded into TiO 2 -nanocrystals [27] . Except remarkable photoluminescence properties terbium determines the structure type of the TiO 2 thin films. A nanocrystalline TiO 2 matrix doped with equivalent amount of Tb enables it to receive different structural properties. Incorporation of 0.4 at. % of Tb results in receiving TiO 2 -anatase structure, while an undoped matrix has rutile structure directly after deposition. Moreover, 0.4 at. % of terbium blocks formation of rutile structure in high energy deposition process and enables stabilization of anatase structure up to 600°C [19, 28] . Doping with amounts above 2 at. % results in a dense nanocrystalline rutile structure, but luminescence was observed only for TiO 2 thin film doped with 2.6 at. % of Tb [19, 29] .
Similar dependences between dopant amount and structural properties were also received in case of Eu and Nd incorporated into nanocrystalline TiO 2 films [27] . Results presented in our former works have shown that the structure modification of TiO 2 thin films obtained by doping with lanthanides caused meaningful changes of optical properties, surface diversification, wettability, hardness and increase of photocatalytic activity of the matrix [27] [28] [29] [30] [31] . In this work, the influence of terbium dopant on structure and photocatalytic activity of nanocrystalline TiO 2 thin films has been presented. Analysis was also carried out based on data referring to diversification and chemical state of the surface.
Thin films manufacturing
For the purpose of the present work a high energy reactive magnetron sputtering process (HE RMS) was used [14, 19, 32] . The process was carried out under low oxygen pressure (0.1 Pa) using pure Ti (99.999) and mosaic Ti-Tb targets. The magnetron was powered by a pulsed power supply, which was working in unipolar mode with 165 kHz sinusoidal pulses grouped with 1.6 kHz. The amplitude of applied sinusoidal pulses was -1.5 kV [32] . During deposition, substrates were heated by radiator heaters up to 300-400°C [18, 32] . Details of the preparation methods of nanocrystalline TiO 2 thin films doped with lanthanides have already been described in our former works [14, 19] .
HE RMS is a type of magnetron sputtering process with so called 'hot target', where the thermal resistivity of the target was increased by application of a special spacer between the target and magnetron cooling plane [32, 34] . Thanks to that, the temperature of the target surface was increased by plasma power almost to melting point. This results in enhanced ionization of oxygen atoms at the outer area of the target. The deposition process, which was carried out under low pressure of working gas (oxygen only) results in lower energy loss of the sputtered particles that impinge the substrate with higher kinetic energy. Therefore more nucleation centres were created on the substrate surface. As a result the grain size is reduced and thin films with dense fine crystalline structure can be obtained [13] . As it has been shown, such films have new and unique properties as compared to the standard ones [35] .
The amount of Tb dopant in the TiO 2 matrix was determined in all as deposited thin films by energy dispersive spectroscopy. For the investigations undoped TiO 2 and TiO 2 doped with 0.4 at. % and 2.6 at. % of Tb have been selected. Structural investigations were carried out with the aid of X-ray diffraction (XRD) method. XRD patterns were recorded by a Dron-2 powder diffractometer with Co Kα source. Structural characterization was completed with the results supported by atomic force microscopy (AFM) performed with Veeco, PicoForce microscope, working in contact mode in an ambient air. The analysis of collected data was carried out with the aid of WSxM ver. 4.0 software [36] . Chemical properties of the surface of prepared thin films were investigated by X-ray photoelectron spectroscopy (XPS). The XPS experiments were performed in an ultra high vacuum conditions using Mg Kα (1253.6 eV) beam [37] . The photo-electrocatalytic activity of the films was determined on the basis of the results of phenol decomposition reaction. For the phenol decomposition UV-VIS light was used (6 × 20 W Phillips lamps with intensity: VIS 167 W/m 2 , UV 183 W/m 2 ). The phenol concentration was 10 mg/l and it was determined by UV-VIS spectrometer using standard curve for phenol λ max = 270 nm. The volume solution was 100 ml and the process was conducted for 5 hours.
Results and discussion
XRD investigations have shown that all examined films were nanocrystalline, with a crystallites diameter of about 10 nm. However, the TiO 2 crystal type was dependent on the Tb amount in the film. Undoped film just after deposition had TiO 2 -rutile structure. The thin films deposited from mosaic Ti-Tb target, depending on the Tb dopant amount, had either the anatase (with 0.4 at. % Tb in the thin film) or the rutile (2.6 at. % of Tb) structure. Doping TiO 2 -matrix with 0.4 at. % of Tb, except change of the structure from rutile into anatase, results in 35% increase of crystallite sizes (from 8.7 nm up to 11.7 nm). Results, in case of TiO 2 :Tb thin film with rutile structure, have shown that 2.6 at. % of Tb gives 25% decrease of crystallites size (from 8.7 nm to 6.6 nm) as-compared to undoped matrix. The results have been collected in Table 1 . The surface diversification of the films was determined based on AFM images. The images with a roughness diagram have been presented in Fig. 1 . The results, similarly like XRD, have shown that all manufactured thin films were nanocrystalline. The distribution of grains was homogenous in all examined samples. Moreover, the densification of TiO 2 -rutile structure with 2.6 at. % of Tb dopant, given by the total number of grains visible in equal surface areas, by a factor 2.1 can be observed.
The analysis of the histograms presented in Fig. 1 have shown that the grain sizes in the anatase thin film is more diversified as compared to the rutile thin films (TiO 2 and TiO 2 :Tb (2.6 at. %), respectively). Doping of TiO 2 matrix with 0.4 at. % of Tb results in 40% increase of grain size in Z direction as compared to undoped film (FWHM value increased from 6.6 nm up to 9.1 nm). Amounts of 2.6 at. % of Tb in TiO 2 allowed on receiving a structure with 15% more homogenous distribution of grains in the film than in case of pure TiO 2 -rutile (FWHM value decreased down to 5.6 nm).
The photocatalytic properties of as-prepared nanocrystalline thin films were determined based on analysis of the chemical decomposition of phenol under the reaction of prepared films. Photocatalytic activity was examined depending on composition and surface diversification of the films. The results (Fig. 2) have shown that all manufactured nanocrystalline thin films have photocatalytic properties. In case of TiO 2 films with rutile structure, incorporation of Tb into rutile matrix results in meaningful increase of photocatalytic activity. However, the highest photocatalytic activity was received in case of TiO 2 :(0.4 at. % Tb) thin film with the anatase structure. After 5 hours, TiO 2 :(0.4 at. % Tb) thin film decomposed 2.5-times more phenol as compared to pure TiO 2 -matrix. The activity of TiO 2 :Tb (2.6 at. %) with the rutile structure was almost on the same level as TiO 2 :Tb (0.4 at. %), with anatase structure. Higher photocatalytic activity in case of the film with 0.4 at. % Tb than for the film with 2.6 at. % Tb is mainly caused by better photocatalytic efficiency of the anatase than the rutile structure. We suggest that incorporation of terbium into TiO 2 matrix results in increase of surface defect states quantity, which takes a part in phenol oxidation on the surface. The energy transfer by defect states can be the dominant process of phenol decomposition. Larger diversification of the surface area for TiO 2 :(0.4 at. % Tb) thin film with anatase structure may favour of more effective defect states arising, which fulfil a key-role in photocatalytic reactions. In case of TiO 2 :(2.6 at. % Tb) dense packed rutile structure with less diversified surface topography may not lead on so high surface defecting. However, high photocatalytic activity for a film with rutile structure may be connected with participation of terbium atoms in carrier's generation and separation.
The high photocatalytic activity of TiO 2 is also strongly related to the amount of OH − groups and H 2 O particles adsorbed on the thin film surface [2, 24] . The hydroxyl radicals (OH − ) take a part in reactions of phenol decomposition. At first, during chemical reaction, the OH − groups are being attached to the phenol molecules on the film surface and decompose it to a simple acid. Next, the acid is decomposed to H 2 O and CO 2 . Therefore, in order to examine the chemical surface properties of prepared thin films the XPS measurements were carried out. In Fig. 3 The highest amount of the hydroxyl groups and the water particles have been found for the TiO 2 :Tb (0.4 at. %) thin film, with anatase structure. The same film has shown the highest photo-electrocatalytic activity, as well. Higher photocatalytic activity of the TiO 2 :Tb film with anatase structure than of rutile ones may be caused by higher quantity of parent substances for decomposition reactions on the surface (hydroxyl groups and water particles). 
Conclusions
In this work photocatalytic activity of TiO 2 thin films doped with different amounts of Tb have been presented. Results have shown that equivalent amount of Tb-dopant in nanocrystalline TiO 2 allows on receiving advisable type of the TiO 2 structure (anatase or rutile) directly after deposition. All as-deposited films were nanocrystalline and were photocatalyticaly active. The highest photocatalytic activity was obtained in case of TiO 2 thin film doped with 0.4 at. % of Tb with the TiO 2 -anatase structure. However, 2.6 at. % of Tb in TiO 2 , except 2-times densification of the rutile structure, displays almost as high photocatalytic activity as in case of the film with the anatase structure. The amount of terbium was also responsible for the amount of hydroxyl groups and water particles adsorbed on the surface of prepared films. The XPS results have shown that the surface adsorption of OH − and H 2 O was proportional to photocatalytic activity.
